In running waters, chemical cues have generally been assumed to always come from upstream locations. Here, we present ¢eld and laboratory evidence that Gammarus pulex can use chemical cues from downstream predators to adaptively adjust drifting behaviour. In the ¢eld, signi¢cantly fewer Gammarus migrated into stream enclosures where brown trout (Salmo trutta) were present than into control enclosures. In a subsequent laboratory experiment, Gammarus actively avoided live trout and trout chemicals placed downstream in an arti¢cial stream, whereas no e¡ects were found in response to control or visual cues. We suggest that the mechanism explaining the ability of Gammarus to detect downstream predators is use of back£ows, which locally transport ¢sh chemicals against the main £ow. Such back£ows are both created by the Gammarus itself and by surrounding substrate heterogeneity. These results profoundly a¡ect the way in which we view the chemical environment of running waters and have important implications for empirical and theoretical work evaluating predator e¡ects in running waters, as they demonstrate that prey immigration rates can depend on downstream predator densities.
INTRODUCTION
When a lion stalks its antelope prey, it approaches from downwind. This makes intuitive sense, as the wind then carries away odours that could otherwise alarm the prey. Similar but less spectacular dramas occur in running waters, with predators hunting from downstream (Ringler 1979; Glova et al. 1992) and with wary prey rapidly adopting counter-strategies if predator odours are detected (Kohler & McPeek 1989; Forrester 1994) . In these habitats, prey frequently drift, i.e. release themselves into the main water £ow and migrate downstream. By doing this, animals can ¢nd new foraging patches, ¢nd mates or avoid predators (Peckarsky 1980; Culp et al. 1991; Kohler 1985) , but a major drawback is that the behaviour exposes them to downstream predators. Information about downstream risks of predation should therefore be extremely valuable to drifting animals, but has been considered unavailable because running water may carry away odours just as the wind conceals the stalking lion. Thus, drifting prey have been thought to move downstream irrespective of the predation risks they will encounter. However, the £ow environment experienced by stream invertebrates is quite di¡erent from the one in which lions live. In the scale of drifting invertebrates, vortices and back£ows are abundant (Van Dyke 1982; Nowell & Jumars 1984; Vogel 1996) , suggesting that chemical cues may in fact be locally transported against a main £ow. In addition, there is evidence that animals can extract detailed information out of such £ow heterogeneities (Atema 1995 (Atema , 1996 .
Hence, there are lines of evidence suggesting that prey may indeed be able to detect and respond to odours from downstream predators, but as far as we know, this has never been considered.
The amphipod Gammarus pulex plays a dominant role in many north European stream communities (Nilsson 1977; Andersson et al. 1986 ). Here, we evaluate the abilities of Gammarus to use chemical cues from downstream predators to adaptively adjust drifting behaviour. Immigration and emigration rates of Gammarus in relation to downstream predators were experimentally investigated in the ¢eld. The results were further tested in a laboratory experiment where drifting Gammarus encountered live trout, visual cues or trout chemicals, placed downstream.
METHODS
In a ¢eld experiment lasting one month during the summer of 1994, e¡ects of brown trout (Salmo trutta) on immigration and emigration rates of the amphipod Gammarus pulex were investigated in enclosures in the Sna« llero« dsÔn stream north of Lund. Plexiglas enclosures (150 cm Â 50 cm Â 50 cm, water depth 25^35 cm), with 6 mm mesh netting attached to both ends were used as experimental units. Trout enclosures (n 4) held one trout individual each, making a density of 1.33 trout m À2 . Controls (n 4) were enclosures without trout. At three times during the experiment, immigration and emigration of Gammarus pulex were measured using eight drift samplers constructed from 234 mm mesh netting (sampling a 22 cm Â 46 cm area in the water column). On the ¢rst day of a sampling bout, drift nets were placed just downstream of the enclosures to collect Gammarus that emigrated from the enclosures. The following day, drift nets were placed inside the enclosures at the upstream end to collect Gammarus immigrating into the enclosures.
The laboratory experiment was performed during March and May 1997 with 280 Gammarus pulex (10^16 mm long) and ten brown trout (90^110 mm long), all collected in the Stampen stream near Lund. The animals were acclimatized to indoor conditions for at least 14 days before the trials. During this period, Gammarus and brown trout were kept in aerated holding tanks at 16 8C. Gammarus were fed alder leaves and trout were fed Gammarus. The experiment was conducted in an arti¢cial Plexiglas stream (¢gure 1; 120 cm Â16 cm Â11cm; water depth 8 cm) with a homogenous, smooth Plexiglas substrate. At the inlet, water was aerated, and entered the stream through a ba¥e. A double set of collimators made the stream £ow grossly laminar as determined by milk tracing. The collimators were followed by an open arena where Gammarus could be added at the upstream end in an opaque, plastic, holding cylinder. The cylinder was perforated so that the animals could sense that they were placed in a £ow. Downstream from the arena, the stream was separated into two equal arms by a watertight divider. Cues could be added to treatment cages (green plastic netting, mesh size 1.0 cm), which were placed 3 cm downstream from the entrance of each arm. Drift traps were installed at the outlets of the stream to catch Gammarus moving downstream. Current velocity at 1cm above the bottom was 3.2 AE 0.7 cm s À1 ( AE1 s.d.), which is within the range experienced by Gammarus in the wild (J. Dahl, personal observation). The experimental set-up was illuminated by indirect light from £uorescent tubes (1.4 mE m À2 at the surface) and each trial was recorded with an overhead VCR.
The experimental procedure was as follows. One day before trials were to be run, a number of Gammarus were collected from the holding tank and placed in beakers in groups of ¢ve individuals each. The beakers were partly immersed in a £ow-through tray so that the animals were conditioned to the temperature (15 8C) of the arti¢cial stream. Each trial then began by adding a Gammarus group to the holding cylinder in the arena and allowing them to acclimatize for 15 min. The cylinder was then withdrawn and Gammarus could move freely in the arena for 15 min. Individuals were considered to have made a choice of drifting direction if they were downstream from the entrance of one of the treatment cages when the trial ended. A few individuals were not retrieved after the trials, but their choice of drifting direction could always be seen on the video recordings. The recordings were also used to determine each individual's ¢rst choice (if any) of drifting direction (de¢ned as being within 1 cm from the entrance of a particular treatment cage).
There were four experimental treatments: control, live trout, visual cues and trout chemicals. Controls were trials where no cue was added to either of the cages, in order to check for preferences in the absence of treatment cues. In the live trout treatment, a brown trout was kept in one of the cages, whereas the visual cues were created by placing a trout in a glass test tube (4 cm Â 20 cm) in one of the treatment cages, with the opening facing downstream. This allowed Gammarus to see the trout but not perceive any chemical cues from it. To control for hydrodynamical e¡ects of the glass test tube, an empty tube was placed on the other side in this treatment. Finally, the trout chemicals treatment was performed by taking a live trout and rubbing it gently on both sides of the upstream net of the treatment cage. In all treatments except the control, cue was added to one of the two out£ow arms in the ¢rst eight replicates and to the other out£ow arm in the following eight replicates. When sides were switched, the stream was cleaned with 95% ethanol and rinsed thoroughly with water. In the control, no cue was added. Therefore, the sides were not switched and a total of eight replicates were made.
Flow patterns in the £ume were investigated by milk tracing. In particular, back£ows were studied by placing milk droplets on the stream walls and bottom and recording the distance they crept against the main £ow. This was done when the stream contained no animals, when it contained a Gammarus model, and when it contained a live tethered Gammarus. The Gammarus model (10 mm Â 3 mm; length Â depth) was made of Plasticine and placed on the bottom of the stream. The tethered Gammarus was tied with 0.10 mm nylon string and anchored with Plasticine more than 70 mm upstream. We also studied how increased substrate complexity a¡ected £ow patterns, by placing a pebble (diameter 20 mm) on the bottom and recording subsequent back£ows.
Immigration rates in the ¢eld study were analysed using repeated measures ANOVA. Emigration rates were analysed using a per capita index (number of emigrating Gammarus on the last drift sampling divided by the number of Gammarus within each enclosure), because emigration rates of invertebrates depend on enclosure densities (Sih & Wooster 1994) . Enclosure densities of Gammarus were determined at the end of the experiment. These data were then tested using one-way ANOVA. All analyses were calculated with log-transformed data.
In the laboratory experiment, preference of drifting direction was evaluated with paired t-tests on the proportion of all Gammarus that used the stream arm where cue had been added versus the proportion that used the other stream arm. Paired t-tests were also used to evaluate how treatments a¡ected the proportion of Gammarus whose ¢rst choice of drifting direction di¡ered from their ¢nal choice. The proportion of non-drifting Gammarus was compared between the four treatments by oneway ANOVA. All proportions were arcsin Hx-transformed before analysis to achieve normality of the data. There was no systematic preference for left versus right side of the stream (t-test, 30 d.f., p 0.58, 0.95 and 0.18 for live trout, visual cues and trout chemicals, respectively), therefore the sides were pooled in the analysis. Not all Gammarus drifted downstream; about 30% stayed at the upstream end of the stream and were not considered to have chosen any side. There was no di¡erence in number of non-drifting individuals between treatments (oneway ANOVA: F 3,52 0.63, p 0.60). All statistical tests were conducted using Systat 5.2.1 for the Macintosh (Wilkinson 1992 ). This study was approved by the Malmo« /Lund Committee for Animal Experiment Ethics (permission no. M174-97).
RESULTS AND DISCUSSION
In the ¢eld experiment, signi¢cantly fewer Gammarus migrated into enclosures containing trout (repeated measures ANOVA: F 1,6 39.39, p 0.008; time, F 2,12 0.48, p 0.63; treatment Âtime, F 2,12 0.76, p 0.49) indicating that Gammarus were able to detect the presence of trout in the downstream enclosures (mean number of immigrating Gammarus AE1 s.d.: control, 18.7 AE7.9; trout, 6.2 AE3.3). Per Nowell & Jumars 1984; Vogel 1996) . We investigated the £ow patterns of the £ume using milk tracing, but found only a slight (1^2 mm) upstream transportation when no animals were present. Further tracer experiments demonstrated that the Gammarus model and the live tethered Gammarus were themselves capable of entraining Figure 3 . The proportion (+ 1 s.d.) of Gammarus whose ¢rst choice of drifting direction di¡ered from their ¢nal choice, for each treatment as in ¢gure 2. Paired t-tests were used to evaluate how treatments a¡ected the proportion of Gammarus whose ¢rst choice of drifting direction di¡ered from their ¢nal choice. Signi¢cance levels: n.s., not signi¢cant; * , p50.05; ** , p50.01.
back£ows from at least 6^7 mm downstream (¢gure 4). The back£ows were generated both by the shape of the Gammarus, as demonstrated by the £ow around the Plasticine model, and by the animal's moving pleiopod feet. Pleiopod movements generate currents directed toward the body of the Gammarus, and this has been interpreted as a foraging adaptation (Ponyi 1956 ). The present results suggest an additional function, namely that the animals use these currents to sample their chemical surroundings. Furthermore, while Gammarus were capable of detecting cues from 6^7 mm downstream above a smooth bottom, substrate heterogeneity further enhanced upstream transportation of cues. When we added a pebble to the stream, back£ows extended more than 40 mm in the absence of Gammarus. This means that the animals could potentially increase their predator detection range by selecting habitats where back£ows are more common. Interestingly, Dahl & Greenberg (1996) found that Gammarus chose a more coarse substrate when predators were present, even though the predator density was higher in that habitat. The traditional explanation for this ¢nding is that the complex habitat o¡ers physical shelter, but it is worth noting that the same pattern would be found if Gammarus were adjusting their habitat choice to improve predator detection abilities. The advantage of being able to perceive a downstream predator at these short distances may not be obvious. However, the performance of predators such as juvenile salmonids declines markedly with decreased light levels (Brett & Groot 1963; Henderson & Northcote 1985; Fraser & Metcalfe 1997) , and Gammarus drift mainly at night to avoid predators (Allan 1978; Andersson et al. 1986; Flecker 1992 , Douglas et al. 1994 . This suggests that even short-distance chemical information about downstream predators is valuable, and should lower the predation risk substantially when the reaction distance of Gammarus exceeds that of the predators. In the ¢eld experiment, there were free-swimming trout in the stream surrounding the enclosures. Nevertheless, Gammarus were able to adjust their drifting behaviour, i.e. to separate important cues from background noise. Other crustaceans have been found to have well-developed spectral and temporal signal processing capacities (Atema 1995 (Atema , 1996 , and it is likely that Gammarus use similar techniques to extract essential information from their £ow environment.
The present ¢ndings have important implications for empirical and theoretical work evaluating predator^prey interactions in running waters (e.g. Feltmate & Williams 1989; Cooper et al. 1990; Sih & Wooster 1994; Englund & Olsson 1996; Nisbet et al. 1997 ). Prey immigration rates can no longer as a rule be considered independent of downstream predator densities. Therefore, future models of predator^prey interactions in running waters will need to incorporate the possibility that prey may be aware of downstream predators, and that prey immigration rates may be adjusted accordingly. In stream communities where prey with these capabilities play a dominant role, as Gammarus do in many parts of northern Europe (Nilsson 1977; Andersson et al. 1986) , such aptness at detecting predators will probably have marked e¡ects on the community dynamics as a whole. It should also be pointed out that the traditional view of drift as a response to chemical cues from upstream predators (e.g. Williams & Moore 1985; Holomuzki & Hoyle 1990 ) is in fact somewhat contradictory. Predatory ¢sh in running waters generally specialize on prey drifting towards them (Brett & Groot 1963; Henderson & Northcote 1985; Fraser & Metcalfe 1997) , meaning that prey that perceive and respond to cues that leak from ¢sh upstream are responding to predators that pose little or no immediate threat.
In conclusion, Gammarus have now shown that the chemical environment of running waters should no longer be viewed as homogenous, always originating from upstream. Instead, back£ows, localized cues and substrate heterogeneity can provide detailed information, and downstream predators cannot consider themselves concealed by the £ow. These ¢ndings should be taken into consideration in future studies in running waters, as they are likely to have profound e¡ects on how to interpret and understand individual behaviour, trophic interactions and, eventually, community dynamics of such environments.
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Proc. R. Soc. Lond. B (1998) Figure 4 . A schematic view of a Gammarus in front of a treatment cage net. Flow patterns indicated in the ¢gure are based on actual video recordings with milk tracing. Dashed lines denote zone of locally separated £ow (Nowell & Jumars 1984) . Reynolds numbers (Re), as indicated in the ¢gure, describe the £ow characteristics around objects, and allow comparisons with other situations where this e¡ect may play a role. Re 510 around circular cylinders imply laminar £ow, whereas Re 4200 000 imply turbulent £ow in the same situation (Vogel 1996) . The parameters used when calculating Reynolds numbers (Re LU/#) in the present experiment were as follows: water velocity, U 1.2 cm s À1 kinematic viscosity, # 1.2 Â 10 À2 s À1 cm 2 ; and the characteristic length L of the Gammarus was either 0.5 cm (Gammarus normal to £ow), or 1.25 cm (Gammarus parallel to £ow).
